Background: We sought to identify the carcinoembryonic antigen (CEA) as a marker of radioresistance in rectal cancer. Methods: From July 1997 to January 2008, 104 patients with stage II or III rectal cancer who were treated with post-operative radiotherapy (PORT) were included in this study. The doses of radiotherapy ranged from 45 to 54.6 Gy. The CEA levels were measured before surgery. We analyzed the actuarial rates of overall survival (OS), distant metastasis (DM), and local recurrence (LR) using Kaplan-Meier curves. Multivariate analyses were performed with Cox regression models. We used THP-1 monocyte cell lines for macrophage differentiation (M0, M1 or M2). The RNA extracted from the macrophages was analyzed via a genomic method in the core laboratory. The radiosensitivities of CEA-rich LS1034 cells were compared between cells with and without the conditioned media from CEA-stimulated macrophages.
Background
Radiotherapy plays a major role in the management of many types of cancer. There are challenges regarding why tumors are resistant to radiation. Although preoperative concurrent chemoradiotherapy (CCRT) or short-course radiotherapy [1] are the main treatments for rectal cancer, some patients choose surgery as their initial therapy for personal reasons. However, the influence of the tumor marker carcinoembryonic antigen (CEA) on the prognoses is not clear in patients who undergo post-operative radiotherapy (PORT). Our prior study first noted that pretreatment serum CEA levels are associated with local recurrence (LR) after radiotherapy for cervical cancer [2] . Therefore, we were interested in the role of CEA in a different cancer. Rectal cancer was a good candidate because radiotherapy is usually applied, and elevated serum CEA levels are noted in rectal cancer patients.
CEA is a complex glycoprotein with different glycosylations that cause different molecular weights between normal and cancer cells. The activation of glycosylphosphatidylinositol phospholipase D can release membrane-bound CEA and result in shedding [3] . Genetic manipulation of CEA in cancer cell lines promotes CEA release from cell membrane [4] [5] [6] . Upon its secretion, CEA promotes colorectal cancer cell metastasis especially to the liver. Kupffer cells are specialized macrophages and enhance liver metastasis [7] through their CEA receptors [8] . Tumor-associated macrophages (TAMs) are heterogeneous in human malignant tumors. TAMs are nearly always associated with poor prognoses. However, the TAMs of colorectal cancer are correlated with favorable prognoses [9] . Based on the literature and our previous studies, we hypothesized that cancer cells secrete CEA to modulate macrophage differentiation and subsequently increase the radioresistance of cancer cells. The specific aims of this study were to examine whether CEA enhances radioresistance in patients with rectal cancer and assess the involvement of CEAstimulated macrophages in radioresistance.
Methods

Patient collection
Patients with histologically proven pT3-4 or N1-2 adenocarcinomas of the rectum who were treated with curative-intent surgery and post-operative radiotherapy were reviewed in this study. Patients who did not receive the planned dose (45-55 Gy) of radiotherapy or exhibited distant metastasis were excluded from the study. Between July 1997 and January 2008, 104 patients were included in the study. The characteristics of patients are presented in Table 1 . This study was approved by the Institutional Review Board of our hospital (99-3189B).
Radiation therapy
In general, the upper margin of the pelvic irradiation was delivered with 10-or 15-MV photons through 3-dimensional conformal radiotherapy (3D-CRT) or intensity-modulated radiotherapy (IMRT) techniques. Typically, the upper margin was 1.5 cm above the level of the sacral promontory. The posterior margin was 1.5-2 cm behind the anterior bony sacral margin. The dose was 45-55 Gy in 25 to 28 fractions that were administered within 5-6 weeks. Typically, the patients received 5-fluorouracil (5-FU)-based chemotherapy concurrently with the radiotherapy.
Follow-up and statistics
After the completion of the radiotherapy, follow-ups of the patients were performed and included physical examinations, laboratory tests, chest X-rays, colonoscopies, and computed tomography (CT) scans. Local recurrence (LR) and distant metastasis (DM) were confirmed by biopsy, physical examination, or imaging diagnosis. The overall survival (OS), LR, and DM rates were calculated via the Kaplan-Meier method, and the differences were examined with the log rank test. The interval to the last follow-up was defined by the last administration of radiotherapy. Multivariate analysis was performed using the Cox proportional hazard model with a forward stepwise procedure for OS, LR, and DM. The relative risks of these variables are represented by the hazard ratios (HRs) with the 95% confidence intervals (CIs). All variables, including age (< 57 and ≥57 years), stage, CEA level (< 10 and ≥10 ng/mL), tumor location, and operation, were treated as categorical data. The statistics were performed on a personal computer using the SPSS 17.0 software (SPSS Inc., Chicago, IL) for MS Windows®.
Cell culture 
Macrophage differentiation
Harvested differentiated THP-1 cells were seeded at a density of 2×10 6 cells in 25 T flasks. The THP-1 cells were differentiated to the attached state (M0) with 12-myristate 13-acetate (PMA; Sigma) at 50 ng/ml for 6 h. The attached cells generated M2-polarized macrophages following treatment with PMA plus 20 ng/ ml IL-4 and 20 ng/ml IL-13 (R&D Systems) for another 66 h. The M1 polarization medium was treated with PMA plus 10 ng/ml LPS (Sigma) and 20 ng/ml IFN-γ (R&D systems) for 66 h. 
Flow cytometry analysis
Differentiated THP-1 cells were washed with PBS three times. To detect M1 markers, the cells were incubated with CCR7-APC (MACS) monoclonal antibody for 1 h. To detect the M2 markers, the cells were incubated with primary CD163 (Santa Cruz) monoclonal antibody for 1 h. After 1 h, the cells were washed with PBS and then incubated with FITC-conjugated goat anti-mouse secondary antibody for 1 h. The samples were analyzed by flow cytometry on an FLSR II flow cytometry system (BD).
Radiosensitivity assay
In addition to IL-4 and IL-13, human CEA (300 ng/mL) (Abcam) was also added for 66 h during M2 differentiation. We collected CEA-stimulated M2 conditioned medium (CM) for 1: 1 mixture of culture of colon cancer cells. After 24 h, cancer cells were irradiated with 8 Gy then seeded in 96 well plate for 72 h. The cells were counted using a Cell Proliferation Reagent WST-1 (Roche Molecular Biochemicals, Mannheim, Germany). The analysis method was applied according to the instructions supplied by the manufacturer. Briefly, WST-1 (20μl) was added to well for 30 min the OD (450 nm) was measured for counting of cell number. No CEAstimulated M2 CM, CEA + cancer cell-free medium, and cancer cell-free medium were also added to culture medium of colon cancer cells for comparison. OD after irradiation was compared between M2 CM and M2 CM + CEA group using paired-t test. The corresponding OD was also compared between cancer cell-free medium and cancer cell-free medium +CEA group.
Gene expression profiling
The total RNAs were run on an Agilent RNA 6000 Nanochip (Agilent Technologies, Palo Alto, CA) using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA) to detect the RNA quality and to determine the concentration Fig. 1 Lower overall survival rate in the patients with CEA levels 3 10 ng/mL Fig. 2 Higher distant metastasis rate in the patients with CEA levels 3 10 ng/mL of RNA using a NanoDrop spectrophotometer (Thermo Science, Wilmington, DE). Only samples with A260/A280 ratios of 1.9 to 2.1 and RNA integrity numbers (RINs) over 7.0 were used for the subsequent cRNA amplification analysis. A total of 500 ng of RNA was used for the synthesis of the first strand cDNA and the in vitro transcription (IVT) of the cRNA using an Illumina TotalPrep RNA Amplification Kit (Ambion, Austin, TX) according to the manufacturer's directions. Briefly, a single 20-μl aliquot of RNA and reverse transcription master mix was incubated for 2 h at 42°C to synthesize the first strand cDNA. Eighty microliters of second strand master mix was added, and the solution was incubated for 2 h at 16°C to synthesize the second strand cDNA. After incubation with 7.5 μl IVT master mix for 14 h at 37°C and purification, the size distribution of the synthesized biotin-labeled cRNA was evaluated with an Agilent 2100 Bioanalyzer. Gene expression was analyzed using the Sentrix HumanHT-12 v4 Expression BeadChip (Illumina, San Diego, CA) to generate the expression profiles of more than 47,000 probes with 750 ng of labeled cRNA for each sample according to the manufacturer's protocol. After hybridization for 20 h at 58°C, washing and fixation, the HumanHT-12 Expression BeadChip was detected with Cy3-streptavidin (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and quantitated using an Illumina BeadStation 500GX (Illumina, San Diego, CA). The expression intensity measures were obtained and extracted with the gene expression module version 1.9.0 of the Illumina GenomeStudio V2011.1 software (Illumina, San Diego, CA) for further bioinformatics analysis.
Microarray data analysis
All of the gene expression data were log2 transformed and exported using the Partek Report Plugin 2.16 of the Illumina GenomeStudio platform in the Partek Genomics Suite version 6.6. The gene expression levels in the samples were quantile-normalized in the Partek analysis software and subsequently analyzed for differential genetic expression profiles. The analysis of variance (ANOVA) algorithm of the Partek software was used to compare the differentially expressed genes between the CEA-stimulated and vehicle-stimulated macrophages. Changes in gene expression levels of 2-to 5-fold in the CEA-stimulated samples relative to the vehicle-stimulated controls with p values < 0. 05 were considered to be significant. Visualizations of heatmaps of the hierarchical clusterings and the biological interpretations from Gene Ontology (GO) Enrichment and the KEGG pathway are presented for the significant genes.
Results
Treatment outcomes
The median follow-up time for the patients who are alive was 98.9 months (range 45-156 months). The 5-year OS, DM, and LR values were 56.2%, 49.8%, and 14. Tables 2, 3 and 4. The 5-year OS rates were 64.5% and 35.9% (p = 0.004) in the patients with pretreatment CEA levels of < 10 and ≥ 10 ng/mL (Fig. 1) , respectively. The DM rates were 40.6% and 73.1% (p = 0.024) in the patients with pretreatment CEA levels of < 10 and ≥ 10 ng/mL (Fig. 2) , respectively. The LR rates were 6.6% and 33.9% (p = 0.002) in the patients with pretreatment CEA levels of < 10 and ≥ 10 ng/mL (Fig. 3) , respectively. The multivariate analyses revealed that pretreatment CEA levels of < 10 and ≥ 10 ng/mL were the only independent predictive factors for OS (p = 0.005; HR: 2.229; 95% CI 1.272-3.906), DM (p = 0.026; HR: 1.923; 95% CI 1.080-3.423), and LR (p = 0.004; HR: 5. 340; 95% CI 1.682-16.955).
CEA stimulated M0 cells toward M2 differentiation
Different morphologies were noted between the M0, M1, and M2 cells (Fig. 4) . We used CCR7 and CD163 as markers of M1 and M2 cells, respectively. We noted a dose-response relationship of CEA with M2 differentiation (Fig. 5) . We tested the CEA levels of the supernatants from different colon cancer cell lines (SW48, SW620, DLD-1, HCT116, LS1034, LS174T, and Caco2). We noted 18.392 ng/mL in LS1034 cells and 8.357 ng/mL in LS174T. Levels lower than 1 ng/mL were noted in the other cell lines (Table 5 ). Hence, we used the LS1034 cells for radiosensitivity testing.
Gene expression in CEA-stimulated macrophages
In the CEA-stimulated M0 macrophages ( Fig. 6 and Table 6 ), four mRNAs that exhibited at least 5-fold down-regulation compared with the vehicle-stimulated M0 cells were noted. Five mRNAs, including MMP12, GDF15, and JAG1, exhibited at least 5-fold upregulation. In the CEA-stimulated M1 macrophages ( Fig. 7 and Table 7 ), three mRNAs were at least 2-fold down-regulated compared with the vehiclestimulated M1 cells. Six mRNAs exhibited at least 2-fold up-regulation. In the CEA-stimulated M2 macrophages, 15 mRNAs exhibited at least 2-fold downregulation compared with the non-stimulated M2 cells. Twenty-four mRNAs exhibited at least 2-fold up-regulation. The GADD45G mRNA achieved a 4-fold up-regulation of expression. GADD45G is a stress response gene to radiotherapy.
The conditioned media from CEA-stimulated M2 macrophages enhanced radioresistance
The conditioned media from M2 macrophages or medium only was applied to the LS1034, SW620, LS180 cells prior to irradiation. We compared the OD for cell proliferation between the CEA-stimulated and vehiclestimulated cells after irradiation. We found a higher OD in the CEA-stimulated group with M2 conditioned medium but not medium only group (Fig. 8) .
Discussion
Regardless of an early report of preoperative CEA in recurrent colorectal cancer [10] , the role of CEA in the prognoses may be dependent on the disease site (i.e., colon or rectal cancer), whether radiotherapy is applied, the end points examined (i.e., OS, DM, and LR), and the Determined by radioimmunoassay (RIA) time at which the CEA level is measured. Therefore, CEA is involved in cancer progression and recurrence (following surgery or radiotherapy) in some studies, especially in the era of the established roles of neoadjuvant and adjuvant radiotherapies. In rectal cancer, the role of the pretreatment CEA level has been well studied in terms of neoadjuvant therapy with the endpoints of pathologically complete responses [11] [12] [13] [14] [15] [16] [17] and OS [18] . Normalization of the CEA level after neoadjuvant therapy is also a significant factor in pathologically complete responses [19] and prognoses [14, 20, 21] . There is only one study that has examined the prognostic role of preoperative CEA levels in Dukes' B and C patients who have undergone PORT for rectal cancer [22] . The authors of this study found no significant role of CEA in LR. A second study [23] included stage II and III preoperative and post-operative CCRT patients. The 5-year OS, DM, and LR rates were 49.4%, 14.9%, and 66. 0%, respectively. These authors noted that a CEA level > 3 ng/mL affected the OS and LR but not the DM based on univariate analysis. The CEA level was treated as a continuous variable in a multivariate analysis and was found to be an independent factor for OS.
In the present study, we included only PORT and not neoadjuvant patients. We studied not only the OS but also the LR and DM and noted significant roles of CEA in all of the end points. The preoperative CEA level may serve as a marker of occult metastasis and radioresistance to PORT in rectal cancer. This study also confirmed the results of our previous study that investigated the role of pretreatment CEA levels in the LRs, DMs, and OSs of patients undergoing definitive radiotherapy for cervical cancer [2, 24] . We also found that LR usually preceded DM, and a higher DM rate was noted in patients with LR than in those without LR. We observed an early separation of the Kaplan-Meier curves for LR (at approximately < 6 months; Fig. 3 ) between the patients with high and low CEA levels but did not observe this early separation for OS (the separation occurred at approximately 2 years; Fig. 1) or DM (the separation occurred at approximately 1 year; Fig. 2 ). CEA first involves LR, which increases the DM and thus affects survival. Therefore, the reviewed Fig. 6 Hierarchical clustering of the up-and down-regulated genes (5-fold) after CEA (2 μg/mL) stimulation of M0 macrophages Table 6 Genes of up and down regulation (5-fold) after CEA stimulation in M0 macrophage This record has been withdrawn by NCBI because the model on which it was based was not predicted in a later annotation literature and our results support the role of CEA in LR. In other words, CEA may be a marker of radioresistance. For this reason, we attempted to investigate the mechanism by which CEA affects radioresistance in an in vitro study. Macrophages are the major immune cells in cancer microenvironments [25] . Monocytes in cancer tissues can differentiate into M0 macrophages. If M0 cells are stimulated with IFN-γ, LPS, and TNF-α, they differentiate into M1 macrophages that exhibit proinflammatory functions. If M0 cells are stimulated with IL-4, IL-10, and the Toll-like receptor, they differentiate into M2 macrophages that exhibit antiinflammatory functions that improve wound-healing, angiogenesis, and remodeling. However, cancer cells can co-operate with M2 macrophages to promote proliferation, migration, invasion, angiogenesis and metastasis. For example, M2 macrophages secrete EGF, which promotes cancer cell progression [26] .
The interaction of CEA and macrophages has been noted in some studies [7, 8] . Cui et al. noted a positive correlation of M2 cells but not M1 cells with the preoperative CEA level in colorectal cancer patients with liver metastases [27] . Therefore, we suggest that CEA can stimulate macrophages toward M2 differentiation and subsequently release radioresistant molecules that affect cancer cells. The interesting finding of the present study is that CEA stimulates GADD45G mRNA expression by M2 macrophages. GADD45G is a DNA damage response gene [28] that is associated with radiation. GADD45G also induces hematopoietic stem cell differentiation [29] . Furthermore, GADD45G increases TNF-α and IL-6 production in LPS-stimulated THP-1 cells [30] .
We noted the expressions of some genes in the CEAstimulated M0 macrophages. Some of these genes may be involved in macrophage-mediated cancer progression. MMP12 can enhance the progression of nasopharyngeal carcinomas through the heterogeneous nuclear ribonucleoprotein (hnRNP) K [31] . Interestingly, CEA increases IL-6 and TNF-α expressions through hnRNP M4 [8] . Additional mechanisms are worth investigating. Growth differentiation factor 15 (GDF15) is a superfamily of TGF-β that is expressed by M2 macrophages. Human jagged 1 (JAG1) is a receptor of the Notch-1 ligand, and This record has been withdrawn by NCBI because the model on which it was based was not predicted in a later annotation JAG1 expression is under the control of hematopoietic growth factors [32] . In the present study, CEA was found to increase JAG1 expression. Because JAG1 and Notch-1 are poor prognostic factors in several cancers [33] [34] [35] , it is reasonable to propose that the role of CEA in cancer progression is mediated through JAG1 and Notch-1 expressions in M0 cells.
There are some limitations of this study. A high DM rate was noted in the present study. An inadequate number of lymph node examinations was noted in our hospital, and this likely affected the prognoses [36] . Hence, the stages of the patients included in the present study might have been underestimated, and occult metastases might have appeared. These occult metastases resulted in the DM rate. The sample size was limited because most of the patients referred to our department underwent preoperative radiotherapy, and not all pT3-4 and pN1-2 patients were referred for PORT. The data presented is sufficient to generate the hypothesis rather than being robust enough to prove the point. Other causes for radioresistance are not accounted for. More direct studies of the stromal cells are required to prove the issue.
Conclusion
Based on our results and the literature, CEA may stimulate M2 but not M1 differentiation. CEA causes radioresistance in the presence of M2 macrophages. Pretreatment CEA levels ≥ 10 ng/mL are a significant risk factor for OS, DM, and LR following PORT for rectal cancer. More comprehensive examinations prior to surgery and intensive adjuvant therapy are suggested for patients with CEA levels ≥10 ng/mL. Further translational studies of these mechanisms are needed. 
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